GRACE observations of terrestrial water storage (TWS) in northwest India show 14 trends likely associated with groundwater extraction. 15 • Land models in global assimilation systems do not usually represent anthropogenic 16 processes such as groundwater extraction and irrigation. 17 • Assimilation of GRACE observations introduces realistic trends in TWS and ground-18 water along with an erroneous trend in evapotranspiration. Abstract 20 This study investigates some of the benefits and drawbacks of assimilating Terrestrial 21 Water Storage (TWS) observations from the Gravity Recovery and Climate Experiment 22 (GRACE) into a land surface model over India. GRACE observes TWS depletion associ-23 ated with anthropogenic groundwater extraction in northwest India. The model, however, 24 does not represent anthropogenic groundwater withdrawals and is not skillful in reproduc-25 ing the interannual variability of groundwater. Assimilation of GRACE TWS introduces 26 long-term trends and improves the interannual variability in groundwater. But the assim-27 ilation also introduces a negative trend in simulated evapotranspiration whereas in reality 28 evapotranspiration is likely enhanced by irrigation, which is also unmodeled. Moreover, in 29 situ measurements of shallow groundwater show no trend, suggesting that the trends are 30 erroneously introduced by the assimilation into the modeled shallow groundwater, when in 31 reality the groundwater is depleted in deeper aquifers. The results emphasize the impor-32 tance of representing anthropogenic processes in land surface modeling and data assimila-33 tion systems. 34 -2-India is the world's largest user of groundwater resources [Aeschbach-Hertig and 36
Introduction and Background
and anomaly correlation (anomR) with observations, and their 95% confidence inter-141 vals. The anomR values are calculated after removing both the long-term trends and the 142 mean seasonal cycle from the time series, where the seasonal cycle is calculated as the 143 multi-year average for each calendar month. That is, the R metric is sensitive to trends 144 as well as the seasonal and interannual variability, whereas the anomR metric is sensitive 145 only to the interannual variability. Spatially averaged metrics are computed using a clus-146 tering algorithm [Girotto et al., 2016] . 
Trends in TWS and Groundwater

149
GRACE TWS observations suggest that a significant negative trend exists in north-150 west India with a maximum rate of -1.7 cm/year near Delhi, a region with intense irriga-151 tion (compare trends in Figure 1a with areas equipped for irrigation in Figure 2 ). This is 152 consistent with earlier studies [Rodell et al., 2009; Tiwari et al., 2009; Chen et al., 2014] , 153 which attributed the trend to groundwater extraction for irrigating crops. A negative trend 154 in TWS (-0.7 cm/year) in the state of Tamil Nadu in southern India (Figure 1a ) is also 155 ascribed to irrigated agriculture (Chinnasamy and Agoramoorthy [2015] ). TWS has in-156 creased during the study period in west-central India (Maharashtra, Gujarat, and Mad- 
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Jan. 2003 -Dec. 2015 average of (a) monthly mean MERRA precipitation, (b) standard deviation in monthly observed (GRACE) TWS and (c) standard deviation in monthly model TWS. In the main paper, we refer to wet and dry areas where the mean precipitation is more or less than the average over India, respectively. In the main paper, we refer to wet and dry areas where the mean precipitation is more or less than the average over India, respectively. 
